This paper presents a compact K-band Doppler radar sensor for human vital signal detection that uses a radar configuration with only single coupler. The proposed radar front-end configuration can reduce the chip size and the additional RF power loss. The radar front-end IC is composed of a Lange coupler, VCO, and single balanced mixer. The oscillation frequency of the VCO is from 27.3 to 27.8 GHz. The phase noise of the VCO is -91.2 dBc/Hz at a 1 MHz offset frequency, and the output power is -4.8 dBm. The conversion gain of the mixer is about 11 dB. The chip size is 0.89×1.47 mm 2 . The compact Ka-band Doppler radar system was developed in order to demonstrate remote human vital signal detection. The radar system consists of a Ka-band Doppler radar module with a 2×2 patch array antenna, baseband signal conditioning block, DAQ system, and signal processing program. The front-end module size is 2.5×2.5 cm 2 . The proposed radar sensor can properly capture a human heartbeat and respiration rate at the distance of 50 cm.
Ⅰ. Introduction
Recently, the demand for short-range Doppler radar sensors has increased because they can be applied to an enormous range of applications, such as healthcare bioradar and motion detectors [1] ～ [6] . At present, most heartbeat and respiration rate monitoring sensors have to be attached to the human body directly. Therefore, they are inconvenient to use. The microwave Doppler radar can detect a human heartbeat and respiration rates via a non-contact and non-invasive method. Even though it can be applied to remote human vital signal detection, the size of the radar sensor is still large due to the low operating frequency. To apply the radar system to a healthcare sensor, a compact and high-performance radar sensor would be necessary. To ensure a compact size, the operating frequency of the radar system should be increased. Ka-bands, such as 24 GHz in the ISM (Industrial, Scientific, and Medical) band, are widely used because a compact-sized radar can be achieved due to the size reduction of the passive and active components [7] . A single antenna can reduce the module size greatly because the antenna is one of the largest components in microwave Doppler radar [8] . Also, the circulator can be replaced with a coupler, such as a Lange coupler, which can be integrated onto the semiconductor [9] , [10] .
In this paper, a Ka-band Doppler radar front-end of a compact size will be presented in order to detect human vital signals remotely.
Ⅱ. Principle of the Doppler Radar Sensor
According to the Doppler theory, a constant frequency signal reflected from an object with a periodically varying displacement results in a reflected signal with a time-varying phase, F(t). If the variation of the displacement is smaller than the wavelength of the transmitted signal, the phase variation will be small. Thus, the phase-modulated signal can be directly demodulated by mixing it with an LO signal. The transmitted signal is cos(wt), with a constant frequency of w, and the reflected signal, with the phase shift of F(t), is cos(wt+F(t)). When they are mixed and filtered, the baseband signal will be cos(F(t)). Therefore, the phase information can be extracted as shown in Equation (1) by using the small signal approximation.
where F(t) is very small.
The time-varying phase shift is proportional to the displacement x(t), as is the phase shift in the transmission line, due to varying the position of the terminated load.
where λ is the wavelength of the transmitted signal.
Therefore, the demodulated signal is proportional to the periodic displacement of the reflected object, as shown in Equation (2) . If the variation of the displacement is small compared to the wavelength, then the demodulated signal is proportional to the periodic displacement of the object. When the RF signal is applied to the human chest, the demodulated voltage waveform represents the displacement variation due to respiration and heart activity. Fig. 1 shows the principle of remote human vital signal detection. Fig. 2 shows the typical and proposed radar configurations. As shown in Fig. 2 (a) , the through port of the Lange coupler is terminated with a 50 Ω resistor in the typical radar configuration. Therefore, half of the transmitting power is dissipated at the 50 Ω resistor. Moreover, because a LO switching signal is required for the mixer, the output power of the VCO should be divided with a Wilkinson power divider. Therefore, overall transmitting power losses of 6 dB occur in the typical radar system. These power losses degrade the SNR of the radar system and reduce the sensitivity to human vital signals. Since an additional Wilkinson power divider is required, the divider occupies a larger chip size. However, as shown in Fig. 2(b) , the through port is directly connected to the LO switching input of the mixer, in addition to terminating the through port of the Lange coupler with a 50 Ω resistor in the proposed radar configuration. Therefore, the power losses of 3 dB in the through port can be prevented. Because the additional Wilkinson power divider is not required, the power losses of 3 dB due to the Wilkinson power divider can be saved. Thus, the radar front-end chip size can be reduced. To implement the proposed radar configuration, a Ka-band Doppler radar front-end IC is designed. The radar front-end IC is composed of a single-ended VCO, single balanced mixer, and Lange coupler. The VCO is designed with a capacitive feedback topology. For the frequency tuning, the base-collector junction capacitance of the HBT is used. The single balanced mixer is used to downconvert the Doppler signal into a baseband signal. One input port of the mixer is connected to the output of the Lange coupler for the LO switching, and the other input is AC-grounded for the differential operation. To suppress the harmonic frequency and the leakage signal of the high frequency, the decoupling capacitors are connected with the resistors in parallel at the load. The whole circuit is designed with Agilent ADS. The Lange coupler is designed with a 2.5D EM simulator of Agilent momentum. Fig. 3 shows the circuit schematic of the K-band Doppler radar front-end.
Ⅲ. Proposed Doppler Radar Front-End

Ⅳ. Measured Results of the Radar Front-end IC
A Ka-band Doppler radar front-end IC was fabricated using an InGaP/GaAs HBT process. Fig. 4 shows a microphotograph of the fabricated Ka-band Doppler frontend IC. The size of the chip is 0.89×1.47 mm 2 . On-wafer measurement was performed in order to characterize the Doppler radar front-end IC. The spectra of the VCO were obtained via a spectrum analyzer and phase noise measurement kit. Fig. 5 shows the measured spectrum. The free-running oscillation frequency of 27.345 GHz was achieved. It provides an output power of -4.8 dBm, with the loss compensation of the microprobe and the cable being about 5 dB at the Ka-band. Fig. 6 shows the phase noise characteristics of the VCO. The phase noise of the 27.34 GHz signal is -91.2 dBc/Hz at the offset frequency of 1 MHz. The frequency tuning range is 463 MHz, from 27.345 GHz to 27.808 GHz, while varying the varactor bias from 0 V to 5 V. The performance of the single balanced mixer is measured with two signal sources and the spectrum analyzer. Fig. 7 shows the conversion gain and the IF power characteristics as the RF input power is swept from -24 dBm to -4 dBm by using the 27 GHz LO signal at 5 dBm. The Lange coupler is characterized via the vector network analyzer. As shown in Fig. 8 , the isolation of the Lange coupler is about 16 dB, and the coupling is about 4 dB at 27 GHz.
Ⅴ. Ka-Band Doppler Radar Module
To demonstrate the operation of the proposed Kaband Doppler radar front-end IC, the radar front-end module is developed on the multi-layer PCB. The antenna is fabricated on the upper PCB substrate. It has a dielectric constant of 2.17 and a thickness of 31 mil. The Doppler radar front-end IC is mounted on the lower PCB substrate of RO3003, which has a dielectric constant of 3.0 and a thickness of 10 mil. In order to achieve a high level of gain, a 2×2 patch array antenna is designed using a 2.5D EM simulator. The simulated antenna gain is about 11 dBi at Ka-band. The K-band Doppler radar front-end MMIC is interconnected with the patch array antenna by using Au wire bonding. Fig.  9 shows the developed Ka-band Doppler radar module. The size of the radar module is 2.5×2.5 cm 2 , which is very compact.
The K-band bio-radar system was developed in order to detect human vital signals. It consists of a Ka-band Doppler radar module, signal conditioning block, DAQ system, and DSP program. The output signal of the mixer is very weak and contaminated by noise. Therefore, the output signal must be properly conditioned with the signal conditioning block. Fig. 10 shows the block dia- gram of the baseband signal conditioning block. The baseband signal conditioning block includes a high-pass filter, a baseband amplifier, and a low-pass filter. To remove the DC offset and block the DC signal of the mixer, the high-pass filter, which has the cut-off frequency of 0.02 Hz, is implemented. To achieve the proper input signal voltage range for the DAQ system, a base-band amplifier with a simple inverting OP amplifier is implimented. To prevent anti-aliasing, the low-pass filter is used, which has the cut-off frequency of 50 Hz. The high-pass filter and low-pass filter are designed with 4 th -order Sallen-Key filter topology. LF412CN OP amplifiers are used for the signal conditioning block. The preconditioned Doppler output baseband signal is converted to the digital data with an NI DAQCard 6024E, and then, the collected data is processed and displayed with the LabVIEW program.
Ⅵ. Measured Results for Human Vital Signals
The human heartbeat and respiration rate are measured at the distance of 50 cm from the man's chest via the developed Ka-band Doppler radar system. Fig. 11 shows the results for the measurement of the human heartbeat and respiration rate. As shown in Fig. 10 , a clean heartbeat and respiration signal can be obtained. Fig. 11(a) shows the raw data, without any signal processing. It contains all the signals from the heartbeat signal, respiration signal, and noise. As shown in Fig.  11(b) , the respiration rate can be obtained via filtering with BPF, which has a bandwidth from 0.01 Hz to 0.8 Hz. The respiration rate is about 20 beats/min. The heartbeat rate can be obtained by filtering with BPF, which has a bandwidth from 0.8 Hz to 3 Hz. The heartbeat rate is about 80 beats/min, as shown in Fig. 11(c) .
The maximum measurable distance is around 1 m due to the operating frequency shift of the VCO from 24 GHz to 27.4 GHz. When the antenna gain, the conversion gain of the receiver, and the baseband gain are increased, the detectable distance of the human vital signal can be further improved. Table 1 shows the performance comparison of the Doppler radar front-end ICs for human vital signal detection.
Ⅶ. Conclusion
This paper presents a compact Ka-band Doppler radar for human vital signal detection. The proposed Doppler radar front-end configuration can reduce the chip size due to its single Lange coupler and save the RF power loss of 6 dB, ideally. The size of such a Ka-band Doppler radar module with a 2×2 patch array antenna is about 2.5×2.5 cm 2 . The human respiration and heart beat rates are obtained very well at the distance of 50 cm. The distance can be extended if the LNA is included in the front-end IC. The radar system can be effectively applied to a low-cost remote human vital signal detection system with a compact size.
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